The purpose of the study is to get a better understanding of the detrimental effect of environment encountered in alloy 718 at high temperature in order to design microstructures with an improved resistance to oxidation assisted cracking. Creep-fatigue tests under various oxygen partial pressures have shown the existence of a transition pressure corresponding to a brutal increase in the crack growth rate. This transition pressure corresponds to a transition in the oxidation mechanism and kinetic of alloy 718. This experimental fact has been used to modify local interaction conditions between oxidation process and mechanical behaviour during cracking process. Specific tests have then been performed, superimposing a square wave pressure on either side of the transition pressure to different mechanical cycles. The effect of an overageing treatment on the crack growth rate is examined, in relation with microstructural changes. An intergranular embrittlement mechanism is proposed which rely on the interaction between the nickel oxide nucleation and growth and the local mechanical behaviour of the alloy at the crack tip.
Introduction
Alloy 718 is , as are many other nickel based alloys, sensitive to an oxidation assisted crack growth mechanism (l-5). Many studies emphasize the detrimental effect of environment on the mechanical behaviour of alloy 718 at high temperatures : -crack growth rate under air are several orders of magnitude faster than under vacuum, -sensitivity to environment depends on the microstructure, -crack path change from transgranular under vacuum to intergranular under air environment, -loading frequency and microstructural effects disappear under vacuum (6) . Previously, we present specific experiments that highlight the interactions between the oxidation process and the mechanical behaviour (7, 8) . Creep-fatigue tests under various oxygen partial pressures at 650°C have shown the existence of a transition pressure corresponding to a brutal increase of the crack growth rate. This transition pressure is independent of the mechanical testing conditions, the loading amplitude and the frequency, but is function of the alloy chromium content. This transition is close to lo-3mbar and corresponds also, to a transition in the oxidation mechanism of alloy 7 18. In fact, TEM and AES analyses revealed that at low pressures, chromia forms at the beginning of the oxidation whereas at high pressures, the first oxide to appear is NiO, before the formation of a chromia layer. The transition pressure deduced from our mechanical tests is similar to the transition identified on the oxidation process. This strongly suggests that the formation of nickel rich oxide during the early stage of oxidation is an important component of the alloy embrittlement process. The present work is devoted to study the local interaction between oxidation and mechanical behaviour, by means of creep-fatigue tests under cycled oxygen partial pressure. The effect of an overageing treatment on the crack propagation rate is also examined, in relation with microstructural evolutions.
Material and Exnerimental Procedures
Alloy 718 was received as a wrought bar, heat treated, following the conventional treatment, consisting in a solutioning treatment at 955°C and a double ageing at 720°C and 620°C. The average grain size was about 15Opm. After the conventional treatment, the y' and y" strengthening phases are homogeneously distributed in the matrix. TEM examinations (figure 1) showed that the 7 precipitates were quasi-spherical (20 to 60 nm in diameter) and the y' precipitates were disc shaped particules (30 to 50 nm in diameter) sometimes associated with v. A small amount of intergranular 6 phases was evidenced. The volume fraction of precipitates is about 15%. The chemical composition is given in table I. Fatigue tests were performed on CT20 specimens, precracked under room and high temperatures conditions in order to induce an intergranular crack. The crack length was measured by using the potential drop technique, and also by post mortem optical measurements. The fatigue testing frame was equipped with a high vacuum chamber, allowing the pressure to vary from 1 O-7 mbar to atmospheric pressure. All tests were carried out at 650°C using a radiation heating system.
Results

Coupling of environment and local mechanics
The transition pressure determined in previous studies was used as a tool to study the local interaction between the oxidation process and the mechanical behaviour at the crack tip. Several experiments were carried out, superimposing a square wave oxygen pressure cycle, on either side of the transition pressure, to different mechanical cycles. The aim was to determine the damaging parts of mechanical cycles. All tests were performed at 650°C with a loading amplitude of 30MPa sqrm and a load ratio of 0.3, in order to prevent any crack closure effect at the crack tip. Two mechanical cycles, low cycle fatigue and creep-fatigue, were chosen. The results of the variation of the crack growth rate versus the localization of the pressure cycle are presented in figure 2 and figure 3 , respectively for the triangular and trapezoidal wave forms. Concerning the triangular cycle, the pressure cycle (20s) was moved along the loading and the unloading ramps. For the trapezoidal cycle, the pressure cycle (60s) was shifted along the hold time period (300s) at maximum load. Each position of the pressure cycle was kept till a lmm propagation.
The results concerning the low cycle fatigue cycle indicate that the oxidation effect occurs between R = 0.3, corresponding to the crack opening threshold and R = 0.9, associated to an unloading threshold which corresponds to the formation of a compressive zone at the crack tip. Between these two values, the crack propagation rate is constant assuming that in the damaging part of the cycle, the crack propagation doesn't depend on the loading K, but is driven by the loading rate dWdt and consequently the deformation rate at the crack tip. Beyond R = 0.9 on the unloading ramp, the crack growth rate is close to the value obtained under vacuum.
Concerning the creep-fatigue cycle, a pressure cycle of 60s was applied during the creep duration (300s). The evolution of the crack growth rate versus the time delay before introducing the pressure cycle shows that the detrimental effect of oxygen is efficient during the first 200 seconds of the hold time, which likely corresponds to the time necessary to reach the creep stress threshold near the crack tip. As long as the deformation rate is upper than the threshold value, oxygen embrittlement occurs. The time necessary to obtain the threshold value depends on the local relaxation ability of the material.
Two conclusions can be drawn from these tests : -The pressure cycle duration is about ten seconds, which is the required time to produce embrittlement. The damaging process is a very local phenomenon, localized at the crack tip, attributed to the first oxide to nucleate and grow.
-The oxidation assisted cracking sensitivity depends on the stress relaxation ability of the alloy at the crack tip. A material which relax quickly would have a better propagation resistance. For a given alloy, a microstructure exhibiting a fast relaxation of the stresses ahead of the crack would have an improved cracking resistance. This is the basic idea of the following part of this work. The effect of an overageing treatment on the crack propagation of alloy 7 18 was examined, in relation with microstructural modifications and their consequences on the relaxation behaviour of the material. Improvement of the crack propagation resistance can be obtained by using appropriate heat treatments (9) (10) (11) (12) (13) . A treatment of 50h at 750°C developped by SNECMA (1 l), was applied on the conventional processed alloy 7 18. The main features of the microstructural changes examined by TEM (figure 4) are the following : -a large density of 6 phase precipitation along the grain boundaries, -an increase of the intragranular 7 and y' precipitate size, -a dissolution of v' precipitates near the grain boundaries. According to these precipitation evolutions, the mechanical properties are modified.
Comparison of tensile properties at 650°C is reported in table 2. The yield stress at 0.2% of overaged alloy is lower than that of conventional alloy (6%). The ultimate tensile stress is a few decreased while the ductility is increased.
Creep-fatigue tests (lOs-3OOs-10s) were performed at 650°C under air environment on the overaged alloy and compared to the conventional alloy (figure 5). The crack growth behaviour of the overaged alloy is improved, especially at low loading amplitudes. The crack propagation is quite similar to more cracking resistant superalloys (N18). At high AK, the intergranular precipitates are deleterious to the grain boundary tenacity. The crack propagation mode changes from fully intergranular (conventional alloy) to mixed mode for the overaged alloy. The cracking resistance obtained after ageing treatment can be explained by microstructural evolutions occurring in the material. The increase of the size of the transgranular hardening phases promotes the homogeneity of deformation (14) . Moreover, intergranular 6 precipitates grow at the expense of y' phase, together with the formation of ?/' free zone near the grain boundaries. The material can then be considered as a composite composed of hardened grain centres surrounded with softened zones near the grain boundaries. This leads to a local softening, by decreasing the grain boundary stress concentration. Due to the microstructural evolutions during heat treatment, the creep resistance is decreased, the relaxation quicker and the creep propagation resistance enhanced.
Discussion and Conclusions
The coupling tests performed in the present study indicate that the embrittling process is immediate, and that oxidation and mechanical effects cannot be dissociated. The oxidation assisted crack propagation appears in this case as a "continuous" process, involving simultaneously the local mechanical behaviour and the consequences of the nickel oxide nucleation and growth at the crack tip.
The following mechanism can then be proposed : as long as the deformation rate at the crack tip is higher than a critical level, NiO nuclei develop on the fresh crack surfaces. This cationdiffusion controlled oxidation mechanism promotes vacancy formation (15, 16) . Vacancy injection and migration in the grain boundary ahead of the crack tip seem to be responsible for the embrittlement phenomenon. A local recovery is also expected due to activation of climbing processes. In the out of phase cycling conditions when the deformation rate at the crack tip is reversed to compression, the crack propagation stops. The crack tip can then be considered as a grain boundary emergence, with spontaneous formation of chromia, preventing further environmental embrittlement.
The intergranular embrittlement of nickel based superalloys in air at 650°C seems to be controlled by dynamic coupling between the oxidation process and the relaxation ability of the local alloy microstructure near the crack tip. The cracking resistance can be improved in two ways. The first suggestion is to improve chromia nucleation by an appropriate modification of the chemical composition (chromium content, reactive element addition). The second consists in microstructural modifications, obtained by appropriate heat treatments, leading to a quicker stress relaxation of the material near the crack tip.
